This paper gives a well-documented health risk of fuel-based lighting (kerosene lamps and fuel-powered generators) and proposed a design of a stand-alone solar PV system for sustainable home lightings in rural Nigerian area. The design was done in three different patterns of electricity consumptions with energy efficient lightings (EELs) using two different battery types (Rolls Surrette 6CS25PS and Hoppecke 10 OpzS 1000) on; (i) judicious power consumption, (ii) normal power consumption, and (iii) excess power consumption; and compared them with the incandescent light bulb consumption. The stand-alone photovoltaic energy systems were designed to match the rural Nigerian sunlight and weather conditions to meet the required lightings of the household. The objective function and constraints for the design models were formulated and optimization procedures were used to demonstrate the best solution (reliability at the lowest lifecycle cost). Initial capital costs as well as annualized costs over 5, 10, 15, 20, and 25 years were quantified and documented. The design identified the most cost-effective and reliable solar and battery array among the patterns of electricity consumption with EEL options (judicious power consumption, normal power consumption, and excess power consumption).
FigUre 1 | a student studying with kerosene lamp at night.
governments that subsidize it. Kerosene costs make up 10-25% of household monthly budgets (Lighting Africa, 2013) . Moreover, the widespread use of kerosene for lighting in households poses health risks (Lam et al., 2012a; Mills, 2012a) , and these chronic exposure to pollution from kerosene lamps is thus a concern for households.
Fuel-based lighting (kerosene lamps and fuel-powered generators) contributes to climate change, which is also a health and safety risk by releasing substantial amounts of greenhouse-gas emissions (Mills, 2005) and black carbon (Lam et al., 2012a) . Research has shown that kerosene lamps are significant sources of atmospheric black carbon. Combustion of kerosene emits many health-damaging pollutants, including particulate matter (PM), carbon monoxide (CO), formaldehyde (CH2O), polycyclic aromatic hydrocarbons (PAH), sulfur dioxide (SO2), nitrogen oxides (NOx), and various volatile organic carbons (VOCs) (Mills, 2012b) . Kerosene lamps emit both carbon dioxide (CO2) and black carbon. Black carbon is the result of incomplete combustion of fossil fuel. Black carbon particles absorb sunlight and heat the atmosphere, increasing radiative forcing, and have a powerful but short-lived warming influence, known as a "short-lived climate pollutant" (SLCP). The particulate emissions of kerosene lanterns represent significant amounts of black carbon, strongly implicated in climate change (Zai et al., 2006; Lam et al., 2012a) .
Well-documented health risks of kerosene lamps show that exposure to the lamps, which are used indoors and in close proximity to people pose significant health impacts -chronic illness resulting from inhalation of fumes; impairs lung function and increases the risk for respiratory disease, cancer, eye problems, and infectious disease, including tuberculosis, a major health issue in Nigeria (Lam et al., 2012a; Mills, 2014) . Inhalation of particulates resulting from indoor combustion causes a range of adverse health effects ranging from tuberculosis to cancer (Dominici et al., 2003; Bai et al., 2007) and asthma (Lam et al., 2012b) . Potentially harmful effects include impairment of ventilatory function (Behera et al., 1991) and acute lower respiratory infection (Sharma et al., 1998) . Many households use kerosene for lighting (UNEP/GEF en.lighten initiative, 2013), while fuel-based lanterns are burned largely indoors and in close proximity to people, but no corresponding estimates of mortality have been made. Kerosene is highly flammable and there is a high risk of accidents, burns, and even fatalities associated with lamp use. There is no national estimate of burn-injuries attributable to fuel-based lighting. However, it is known that more than 95% of deaths nationwide from fires and all types of burns occur in the rural areas where kerosene lamps are commonly used for lighting. For instance, three multi-year reviews of admissions to Nigerian hospitals attributed approximately 30% of all burn cases to kerosene lamps (Olaitan et al., 2007; Asuquo et al., 2008; Oludiran and Umebese, 2009) . Also, thousands of people are maimed each year by lamp explosions, with a 13% fatality rate (Lighting Africa, 2010) . Moreover, poor light quality from kerosene lamps, which are often the sole source of lighting after daylight, limits productivity and opportunities for studying (insufficient illumination can lead to poor visual performance, fatigue, and eye strain) as shown in Figure 1 .
Another type fuel-based power generation, known as standalone fuel-powered generators, a common off-grid source of light, emits concentrations of CO2 and particulates per unit of power generation (Natural Resources Canada, 2008; Gilmore et al., 2010; Edenhofer et al., 2011; Ani and Emetu, 2013) . Most households use fuel-based electricity generators to augment the shortfall of electricity supply, and these generators emit gaseous pollutants that negatively affect the environment. Information from Scientific Advisory Panel (2013) shows that fuel-based generators are an important source of black carbon emissions in Nigeria where public power supply lags behind electricity demand. Nationally, both stand-alone generators and kerosene lamps are significant sources of particles of black carbon, a SLCP whose contribution to total carbon emissions is particularly significant in rural areas of Nigeria. This is a growing concern to climate scientists in light of the widespread use of such generators for electrification in off-grid areas (Lam et al., 2012b; Scientific Advisory Panel, 2013) . Controlling these sources (stand-alone generators and kerosene lamps) would not only reduce air pollution but also provide clear climate benefits.
Modern off-grid lighting alternative such as solar photovoltaic (PV) systems are generally safer and healthier than fuel-based lighting (kerosene lamps and fuel-powered generators), and have longer product lives, and lower lifecycle costs. Thus, alternatives to fuel-based lighting are an attractive area for achieving quick and cost-effective climate benefits. Moreover, in addition to mitigating climate change, there are major health and development co-benefits to be attained by upgrading from fuel-based to solar PV systems.
Nigeria being in equatorial region, very close to the Equator, has a very high potential of solar energy but, due to lack of awareness many villagers in rural areas do not even think of installing solar PV systems. Very few villagers have taken initiatives and installed PV systems from which they harvest electricity mostly for lighting. However, most of the projects implemented are inefficient and some unsuccessful, the main reason is the little knowledge and awareness on PV solar systems, such as load demand estimation, how to size the system, and which components are needed. The aim of this study, therefore, is to provide a design models and guideline for a reliable, sustainable, clean, and cost-efficient stand-alone PV energy system that will replace wholly kerosene lamps and fuel-powered generators for lighting in rural areas. Three patterns of daily profile electricity consumption with energy efficient lightings (EELs) (judicious power consumption, normal power consumption, and excess power consumption), and another consumption with incandescent light bulbs, were designed and compared.
FeasiBiliTY sTUDY OF DiFFerenT PaTTerns OF elecTriciTY cOnsUMPTiOn On lighTings in rUral nigerian area
The reference household From the acquired data, different lighting profiles of the household were created. These profiles consist of the household lighting (load) variations and usage patterns within the household. Figures 2A-C show the three patterns of daily profile electricity consumption with EELs (judicious power consumption, normal power consumption, and excess power consumption), whereas Figure 2D shows the consumption with incandescent light bulbs, in a household located in the rural area in Nsukka (Enugu State, Nigeria). Large quantities of electrical energy used for lightings are rarely found in solar home systems (SHSs) for a rural household application. Therefore, this household in the rural area in Nsukka is simple (three bedrooms and a living-room) and does not require large quantities of electrical energy used for lightings [interior lighting (four lighting bulbs; one bulb for each bedroom including the living-room) and exterior lighting (two lighting bulbs; one bulb for the house frontage and another one for the wash-room)]. Tables S1A-S6A in Supplementary Material show an estimation of each energy efficient bulb's rated power, its quantity, and the hours of use by the three options of household in a single day, whereas (Tables S7A and S8A Figure 2C as well as in Tables S5A and  S6A in Supplementary Material.
consumption with incandescent light Bulbs
The lights in the house (interior lights) always be ON for 24 h [00:00-23:59 h (12.00 a.m. to 12.00 p.m.)], while the exterior lights will always be ON throughout the night, i.e., 12 h [18:00-06:59 h (6.00 p.m. to 6.59 a.m.)], as shown in Figure 2D as well as in Tables S7A and S8A in Supplementary Material, which is obtainable in the rural areas of Nigeria.
sOlar POTenTial
The solar potential of a place can be evaluated using various sources, such as solar potential maps, data from the nearest meteorological station, and data from different research institutions. From the latitude (6°51′N) and longitude (7°35′E) of the location of the household sited in Nsukka (Longitude-Latitude-Maps, 2014; The GPS Coordinates, 2014), these data for solar resource were obtained from the National Aeronautics and Space Administration (NASA) Surface Meteorology and Solar Energy web site 1 . As a benchmark, the monthly mean daily insolation for Nsukka is given in Figure 3 , whose average is 4.92 kWh/m 2 /day. This means that regions, such as North-Central (Benue), Northeast (Borno), Northwest (Kano), South-South (Delta), and Southwest (Ekiti), have a mean daily solar irradiation >4.92 kWh/m 2 /day.
MeThODOlOgY Mathematical Formulation of the Objective Function and constraints
Hybrid optimization model for electric renewable (HOMER) software is a computer modeling tool that can evaluate different situations to determine the system configuration that will provide acceptable reliability at the lowest lifecycle cost, which is known as optimization. In the optimization procedure, the sizes of system components are decision variables, and their costs are the objective function. The objective function and constraints for the design model were defined and formulated below. 
Objective Function
Objective function (costs objective function) to be minimized is the total net present cost (NPC) of the system, which includes the cost of the initial investment plus the discounted present values of all future costs throughout the total life of the installation; subjected to the Constraints which are the load to be met, maximum power wattage, and the state of charge (SOC) of battery. The life of the system is considered to be the life of the PV panels -which are the elements that have a longer lifespan. The costs taken into account are indicated as follows:
• Cost for purchasing the PV panels, the batteries, the inverter, and the charge regulator. 
Mathematical Formulation -Optimization
Mathematical calculations involve process of optimization; true meaning of optimization is to find the best answer for a particular problem. For example, problems dealing with the cost will require the best cost to be as less as possible. On the other hand, problems dealing with profit will see the maximum value as the best answer. So, "Optimum" is the word which is used to demonstrate the meaning of best, and the process of finding the best solution to a particular problem is known as the process of optimization (Antoniou and Lu, 2007; Waqas, 2011) . To solve an optimization problem, an optimization algorithm is required. An optimization algorithm is the algorithm which is used to define an optimized solution for a particular function. Thus, for the stand-alone PV/ battery system with constraints (load, maximum power wattage, and SOC of battery), the following optimization algorithm were derived. 
Subject to the constraints
where 
Optimal Design of PV/Battery System
Apart from correct costing and optimization, the quality and accuracy of the model and its implementation in the algorithm, greatly determines the usefulness of the simulation results. Given that, the values of irradiation on tilted planes and the consumption patterns previously described, the system behavior can be simulated using an hourly time step. Based on a system energy balance and on the storage continuity equation, the simulation method used here is similar to that used by others (Sidrach de Cardona and Mora Lopez, 1992; Kaye, 1994) . Considering the battery charger output power Pcharger(t), the PV output power Pp(t), and the load power Pl(t) on the simulation step Δt, the battery energy benefit during a charge time Δt1 is given by (Δt1 < Δt):
The battery energy loss during a discharge time Δt2 is given by (Δt2 < Δt):
The SOC of the battery is defined during the simulation timestep Δt by:
As an input of a simulation time-step Δt (taken as 1 h), several variables must be determined: PV output power, load power, and battery SOC. A battery energy balance indicates the operating strategy of the PV system: charge (energy balance positive) or discharge (energy balance negative).
Design OF a sTanD-alOne PhOTOVOlTaic energY sYsTeM FOr The POWer generaTiOn The set-up works this way. The PV and battery are connected to the DC bus (VDC), while the AC appliances are connected to the load bus (IAC) as shown in Figure 4 . However, as the system has AC loads an inverter has to be included. An inverter (a DC-to-AC converter) is used to convert DC current (Iinv_DC) to AC current (Iinv_AC) to serve the AC load. The inverter needs to meet two needs: peak (or surge) power and continuous power. During day time (08:00-17:59 h), the PV charge the battery system, and as from 18:00 h the PV either serve the load alone and if there is extra power produced is stored in a battery system, or serve the load with the help of battery till 18:59 h when the battery will fully take over as in the case of judicious and normal power consumption, whereas in the case of energy waste and consumption with incandescent bulbs, during the day time (08:00-18:59 h), the PV serve the load as well as charge the battery system, and as from 19:00 h the battery will take over to supply to the load. Moreover, during night time, the battery is the only Several PV cells make a module, and several modules make an array. The solar array is then a group of several modules as shown in Figure 5 , connected in a series-parallel combination to generate the required current and voltage.
The underlying operating principle of a PV module is the photoelectric effect, by which radiation of photons of greater energy than the bandgap of the semiconductor material excite free electrons. Higher irradiation means more photons, hence more free electrons and thus higher currents. Therefore, the current generated by a PV module is directly dependent on the number of incoming photons and thus, the solar irradiation. The components added to the module constitute the balance of system (BOS). BOS components are as follows.
Charge Controller
The success of a stand-alone solar PV system depends to a large extent on the long-term performance of the batteries. When batteries are mishandled (overcharged or over-discharged) their performance and life span reduces dramatically. Normally, a charge controller is included in a stand-alone solar PV system to serve for the following purposes:
• Battery overcharge and over-discharge protection; • Overload protection; • Battery SOC monitoring; and • Maximum power point tracking (MPPT).
A charge controller regulates power from a PV module to prevent batteries from overcharging; it also functions as a low-battery voltage disconnect to prevent the batteries from over-discharging.
Storage System
A storage battery is an electrochemical device. It stores electrical energy in the form of chemical energy that can later be released as electrical energy when a load is connected. Various types of batteries can be used to store electrical energy, i.e., lead-acid batteries, lithium-ion batteries, and so on. Although most other types of batteries have advantages such as high storage density or lower self-discharge, lead-acid batteries are used mostly in PV standalone systems due to its lower price as batteries make up the largest component cost over the lifetime of a stand-alone solar PV system. Battery has been one of the problems in the deployment of a stand-alone PV power system in Nigeria. Substandard batteries (batteries not meant for solar systems such as car batteries) are been used in stand-alone PV power system. A normal car battery (starter battery), for instance, is operated in buffer mode. For most of the time, it is fully charged but occasionally must deliver short-term high currents to start the engine. Things are different with a battery to be used in a stand-alone solar PV system, which is charged during sun hours, and has to withstand deep discharge during the no-sun hours; such batteries are called deep cycle batteries. A car battery is not suitable as storage in a stand-alone solar plant as it would become defective in a short period due to the cycle operation. These batteries (car) will not work well with the system because it does not have the properties of solar battery and within 2 years it starts to fail. A good solar battery will last for 8-20 years. Table S9A in Supplementary Material shows the properties of the batteries meant for backup power and off-grid home systems 2 . The description of the battery variables can also be found in the Tables S1A-S13A in Supplementary Material.
Types of Backup Batteries Used for the Simulation
Two types of batteries were used for the simulation. They are:
Surrette/Rolls and Hoppecke Batteries
Rolls Surrette Batteries are the top of the line choice for backup power and off-grid home. These batteries (Surrette 6CS25P) are 1,156 amp/h@100 h rate 3 , whereas Hoppecke Batteries are another choice for backup power and off-grid home. These batteries (Hoppecke 10 OpzS 1000) are 1,000 amp/h@100 h rate 
Inverter
An inverter is included in the stand-alone solar PV system to convert the DC into AC electricity.
sYsTeM ecOnOMics anD cOnsTrainTs
The capital costs for the PV module, and the battery are based on quotes from PV system suppliers in Nigeria 5 . These costs are estimates based on a limited number of internet enquiries and prices conducted as at 10th of October, 2014. They are likely to vary for the actual system quotes due to many market factors. The figures used in the analysis are therefore only indicative. The replacement costs of equipment are estimated to be 20% lower than the initial costs, but because decommissioning and installation costs need to be added, it was assumed that they are the same as the initial costs. The PV array, inverter, and battery maintenance costs are estimates based on approximate time required and estimated wages for this sort of work in a remote area of Nigeria. Table 1 shows the capital cost of the energy system components used for the simulation. The project lifetime is estimated at 25 years, whereas the annual interest rate is fixed at 6%. There is no capacity shortage for the system and the operating reserve as a percentage of hourly load was 10%. Meanwhile, the operating reserve as a percentage of solar power output was 25%.
cOnFigUraTiOn anD siMUlaTiOn OF sTanD-alOne PhOTOVOlTaic energY sYsTeM
The sizing of the components of energy system is done using HOMERs design software developed by the National Renewable Energy Laboratory, accurate enough to reliably predict system performance. HOMER is an optimization model, which performs many hundreds or thousands of approximate simulations in order to design the optimal system. Using HOMER in designing a PV system reduces costs, time, risks, and errors associated with preparing project prefeasibility studies; provide a low cost preliminary design method for project developers and industry, and thus increase the initiation of project studies that help to identify the best opportunities for successful PV project implementation. The system configuration is analyzed for various PV array sizes to operate in line with the storage (battery) system. The network architecture for the HOMER simulator of the completed standalone PV energy system for different pattern of load consumption can be seen in Figures 7A-D 
resUlT analYses anD DiscUssiOn
An energy system is considered as an optimal solution for any pattern of electricity consumption for household lightings if it meets the required loads of the household at minimum total economic cost (NPC). Thus, the simulation results are collated and classified according to these two major factors.
1. Electric energy (kilowatt⋅hour) generated 2. Economic costs electric energy generated
Electricity Production
Energy from PV is greatly dependent on the availability of solar radiation and it differs from month to month with different pattern of load consumption as shown in Figures 8A-D . With these differences, excess electricity was observed in the months of January, February, March, November, and December. The PV array in this pattern of consumption (Judicious) generates 356 kWh of electricity per year which effectively powers the load demand of 129 kWh/year. The electrical production of PV energy system with different pattern of load consumption -with different type battery is shown in Tables 2 and 3.
The patterns of load consumption studied [Judicious (J), Normal (N), and Waste (W)] has different energy configuration. These different configurations show difference in electricity production from PV array due to difference in number of modules.
Judicious Pattern
Uses two modules (2) of 130 W solar panel which produces 356 kWh of electricity per year. This PV array charges the battery effectively which powers the load (129 kWh/year). There is excess electricity of 167 kWh/year, which occurs in the day time when there is no load, and the PV only charges the battery for evening/ night use. This is due to the fact that in judicious load pattern, lighting is only use in the evening/night time.
Normal Pattern
Uses two-and-halve modules (2.5) of 130 W solar panel which produces 445 kWh of electricity per year. This PV array also charges the battery effectively which powers the load (199 kWh/ year) the same way as in judicious pattern. Normal and judicious appears to be somehow the same only that normal allows its interior lighting to occur in line with that of exterior lighting, whereas judicious switches off its interior lighting when they were not in TaBle 3 | simulation results of use. There is excess electricity of 153 kWh/year which occurs in the day time when there is no load, and the PV only charges the battery for evening/night use.
Excess Pattern
Popularly known as "energy waste" uses three-and-halve modules (3.5) of 130 W solar panel, produces 623 kWh/year of electricity with 217 kWh/year of excess electricity. This pattern of load allows the interior lighting to be ON all day (24 h) and it is viewed as energy waste.
energy conservation
From the three load options studied, if one decides to go for the judicious pattern option, a conservation of 167 kWh/year will be earned when compared with the excess pattern option, while a 70-kWh/year can be conserved when compared the option (judicious pattern) with the normal pattern option. In the same comparison, if one choses to go for the normal pattern option, then a conservation of 97 kWh/year will be achieved when compared with the excess pattern option.
Battery capacity
Battery contribute to the system design; different battery manufacturer, type, and properties (especially the battery capacity; see Table  S9A in the Supplementary Material) contribute to the differences in battery charging and discharging which affects the electricity production (excess electricity) as were shown in Tables 2 and  3 . Also, battery type changes (increases or decreases) the price of system configuration showing that battery makes the largest component cost in system sizing and design, and over the lifetime of a stand-alone solar PV system, as shown in Tables 4 and 5 .
economic cost analysis
One of the most important criteria for assessing an optimal solution for any particular household lightings is the economic cost of the system. The cost ratings here are discussed in terms of two major cost components: (1) the initial capital cost (ICC) and (2) the total NPC, the former being completely exclusive (i.e., ICC excludes other costs), while the latter is inclusive (i.e., includes the present value of all the costs that it incurs over its lifetime).
Initial Capital Cost
The ICC of a component is the total installed cost of that component at the beginning of the project; the initial cost results of PV configuration with Surrette battery and PV configuration with Hoppecke battery are illustrated in Tables 4 and 5 , respectively. Results show that energy design cost depends mainly on the load demand and pattern of energy consumption, configuration, and the type of components chosen (such as battery) just as studied here. Unnecessary consumption of energy increases the load demand, thereby increase the energy design. The capital cost of judicious configuration is nearly two times lower than that of excess configuration, and almost less than one-half of the normal configuration. This is due to the pattern of energy consumption which increases the load demand, thereby affect the sizing and system configuration.
Total Net Present Cost
The total NPC of a system has been described as the present value of all the costs that it incurs over its lifetime, minus the present value of all the revenue that it earns over its lifetime. Costs include capital costs, replacement costs, operation and maintenance costs, and the costs of buying power from the grid. Revenues include salvage value and grid sales revenue. However, the analysis presented here considers neither the costs of buying power from the grid nor grid sales revenue, since the focus of this study is on lightings in rural areas without grid connections. Tables 4 and 5 show the NPC results for the configuration of PV system with Surrette, and Hoppecke, respectively, of different pattern of consumption. In this study, the NPC of excess option is nearly two times higher than that of judicious option as shown in Tables 4 and 5 . Therefore, judicious option has the most cost-effective over time.
QUanTiFicaTiOn OF iniTial caPiTal cOsTs as Well as annUaliZeD cOsTs OVer 5, 10, 15, 20, anD 25 Years
To appreciate the significance of the life cycle cost (NPC) of the energy system in the choice of energy components and pattern of energy consumption (as illustrated in Tables 4 and 5), further simulation runs were conducted at 5 years intervals (for a period of 25 years). The results of these simulations are illustrated in Figures 9A ,B as well as in Tables S10A-S13A in Supplementary Material. The simulation results for incandescent light bulbs with PV/ Surrette battery system configuration is provided in Tables S1B-S4B in Supplementary Material. 
cOMParisOn OF energY eFFicienT lighTings WiTh incanDescenT lighT BUlBs
The simulation results show that this house will conserve 2,753 W/ year if EELs are used (excess option), and when configured with PV + Surrette 6CS25P battery + inverter will save $ 24 746 (N --4,083,090) of initial cost and $ 29 609 (N --4,885,485) for the NPCs, as shown in Table 6 . These options [excess-energy waste (EEL) and incandescent light bulbs] were used for the comparison because they have the same energy consumption pattern; the same hour of actual utilization, but different rated power (wattage). Results also show that EEL reduces energy consumption due to lighting by as much as 90.3% (2,753 W). If judicious pattern option were used for the comparison, the conservation and the cost savings will be more.
cOnclUsiOn
The system configuration options were designed to run exclusively on solar power and require no diesel generator backup.
It is also designed to be simple -all resulting in zero OPEX, dramatically lower CAPEX, and near zero maintenance. Results show that the patterns of load consumption studied [Judicious (J), Normal (N), and Waste (W)] has different energy configuration. From the three load options studied, results also show that a conservation of 167 kWh/year will be earned with the use of judicious pattern option when compared with the excess pattern option, while a 70-kWh/year can be conserved when compared the option (judicious pattern) with the normal pattern option. In the same comparison, a conservation of 97 kWh/year will be achieved with the use of normal pattern option when compared with the excess pattern option. Comparing the three energy efficient load options (judicious power consumption, normal power consumption, and excess power consumption) and the incandescent light bulb consumption, results show that the initial and NPC of the incandescent light bulb option (8,360 W/h) is extremely expensive ($ 29,312; $ 35,391) , excess power consumption option (810 W/h) is moderately expensive ($ 4,566; $ 5,782), normal power consumption option (546 W/h) is less expensive ($ 3,990; $ 5,206 ) than excess power consumption option, and the judicious power consumption option (354 W/h) is the least expensive ($ 2,327; $ 2,935). In summary, the results show that energy design cost depends mainly on the load demand and pattern of energy consumption; and the best way to cut costs is through the use of energy efficient bulbs and by switching off lightings that were not in use at any given time (judicious power consumption option).
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